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Abstract.26

Presented are profile comparisons of TES water vapor retrievals with in situ sondes. Global27

comparisons of TES water vapor retrievals with nighttime NCEP RS90/RS92 radiosondes show28

a small (less than 5%) bias and a standard deviation of ~20% in the lower troposphere, with TES29

retrievals being moist. This moist bias with respect to the sonde bias increases to a maximum of30

~15% in the upper troposphere between ~300-200 hPa. The standard deviation in this region31

reaches values of ~40%. It is important to note that the TES reported water vapor comparison32

statistics are not weighted by the water vapor layer amounts.  These global TES/radiosonde33

results are comparable with the AIRS reported unweighted mean of 25% and RMS of ~55%.34

Global comparisons with in-situ water vapor measurements from radiosondes do help identify35

issues with satellite retrievals, but often the inherent sampling errors and radiosonde36

measurement accuracy limit the degree to which the sonde profiles alone can be used to validate37

TES water vapor retrievals. Radiance closure studies with data from WAVES_2006 indicate that38

the estimated systematic errors from the forward model, TES measurements, CFH observations,39

and the retrieved temperature profile and clouds are likely not large enough to account for this40

systematic difference.  Therefore, accurate validation of TES water vapor retrievals requires41

further campaigns with a larger variety of water vapor measurements that better characterize the42

atmospheric state within the TES FOV.43

44

45
AGU Index Terms: 3360 Remote Sensing, 0365 Tropospheric : composition and chemistry, 036046
Radiation : transmission and scattering, 0394 Instruments and techniques47

48



4

1. Introduction49
50

From a number of perspectives, water is the most important molecule in the earth’s51

atmosphere.  Knowledge of its vertical, horizontal and temporal distribution is critical for the52

understanding of a broad range of topics including convective, chemical, radiative and phase53

change processes.  The fact that water exists in the atmosphere in all three phases - water vapor,54

liquid water and ice cloud - is a key aspect of its importance.  Water vapor and clouds provide55

the dominant modulation of atmospheric cooling rates, radiation to the surface and radiation to56

space [Clough et al., 1992].  The distribution of water vapor is key to atmospheric chemistry, to57

numerical weather prediction, and to studies of climate change [Raval and Ramanthan, 1989].58

The main objective for obtaining satellite retrieved water vapor measurements has traditionally59

been to improve numerical weather prediction (NWP) [Smith, 1991]. Providing water vapor60

profiles or spectral radiances for assimilation into NWP models is still the main objective of61

many current satellite sensors, for example AIRS [Tobin et al., 2006; Divakarla et al., 2006].62

However, for TES, the requirement is to obtain the most likely state of the atmosphere within the63

field-of-view of the measurement.  This applies whether water vapor is a tracer of air mass, of64

chemical interest, or whether it is an interferent. The central objective of TES is the measurement65

of global profiles of tropospheric ozone and its precursors, of which water is a key one.  The66

accurate specification of water vapor can also be important in the measurement of other67

atmospheric trace gases and water vapor isotopes [Worden et al., 2007].  For TES applications in68

which the objective is to map concentrations of chemical species, water vapor may be a spectral69

interferent that must be accurately specified to sense the species of interest (e.g. methane in the70

1300 cm-1 spectral region).  In this paper we compare the TES water vapor retrievals derived71
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from spectral radiance measurements from the Tropospheric Emission Spectrometer (TES) [Beer72

et al., 2001; Beer, 2006] with in situ sonde measurements73

TES is an interferometric spectral radiometer flying on the NASA Aura platform [Schoeberl74

et al., 2006; http://aura.gsfc.nasa.gov/]. In the nadir-viewing mode, the mode appropriate to the75

validations described in this paper, spectral radiometer has a resolution of 0.06 cm-1.  TES uses a76

16-element detector array.  Each detector has a 0.5 x 5 km nadir footprint at the surface,77

providing a total footprint of 8 x 5 km.  The instrument has a number of observational modes78

(e.g. global survey, step-and-stare, transect).  In global survey mode TES makes periodic79

measurements every ~182 km along the satellite track; in step-and-stare mode nadir80

measurements are made every 40 km along the track for approximately 50 degrees of latitude; in81

transect mode observations consist of a series of 40 consecutive scans spaced 12 km apart82

providing a coverage that is much more dense than the routine TES Global Survey viewing83

mode.84

 In addition to the problem of making atmospheric measurements of water vapor with the85

required accuracy needed for satellite retrieval validations is the challenging issue of the high86

spatial and temporal variability of atmospheric water vapor.  This variability can cause dramatic87

sampling errors if the characterization of the atmosphere is not coincident in space with the field-88

of-view of the satellite instrument at the overpass time.  Figure 1 shows a time series of water89

vapor concentrations obtained with the NASA/GSFC Scanning Raman Lidar (SRL) stationed at90

the Howard University Research Campus at Beltsville, MD on 07/27/2006 as part of the Water91

Vapor Validation Experiment – Satellite/Sondes (WAVES_2006) initiative92

(http://ecotronics.com/lidar-misc/WAVES.htm).  This day shows high variability, which is93

typical of atmospheric water vapor distributions.  The magnitude of the variability makes it94
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difficult to choose spatial and temporal coincidence criteria that would provide meaningful95

validations of satellite measurements with in situ sonde observations. The TES overpass is at96

~07:00 UTC, a period in which sporadic cloud is in evidence.97

Many validations of water vapor retrievals rely heavily on profiles obtained from98

radiosonde measurements.  Before describing a similar analysis for TES, we provide a99

perspective on the measurement capability of commonly used radiosondes.  In conjunction with100

this analysis we consider the role of high quality balloon borne Cryogenic Frostpoint101

Hygrometers (CFH).  In addition to considering these techniques for characterizing profiles of102

atmospheric water vapor, we also address the implications of the associated spatial and temporal103

sampling errors.  The validity of ensemble statistics comparing retrieved and directly measured104

radiosonde profiles with their inherent error and sampling problems has severe limitations.105

Nevertheless it can be a useful exercise for qualitative comparisons and we include a sample of106

such results for TES.107

In order to validate satellite retrieved profiles and investigate any systematic differences108

there are four critical elements that must be evaluated:  (1) the accuracy of the spectral109

radiometric measurements; (2) the quality of the forward model calculations; (3) the role of the110

retrieval procedure (e.g. impact of uncertainties in the retrieved cloud and temperature); and (4)111

the accuracy of the characterization of the radiating atmospheres used in the validation (e.g.112

measurement uncertainties and error that occur from different spatial and temporal sampling of113

the atmosphere).  To provide insight into the roles of these elements we consider each of these in114

turn by performing radiance closure studies.  In particular we look in detail at the spectral115

radiances from selected cases from the WAVES_2006 campaign.116

117
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2. Retrieval and Comparison Methodology118

119
The TES retrieval methodology is based on the maximum a posteriori estimate, which120

minimizes the difference between the observed spectral radiances and a nonlinear model of121

radiative transfer of the atmospheric state subject to the constraint that the estimated state must122

be consistent with an a priori probability distribution for that state [Bowman et al., 2006]. In the123

TES retrieval, water vapor profiles are retrieved jointly with temperature and ozone. A priori124

profiles and covariances are calculated from the GEOS global transport model maintained at125

NASA’s Global Modeling and Assimilation Office (GMAO) [Bloom et al., 2005].126

If the estimated (retrieved) state is close to the actual state, then the estimated state can be127

expressed in terms of the actual state through the linear retrieval [Rodgers, 2000]:128

x̂ = xa + A(x − xa ) +Gn +GKb (b − ba ) ,   (1)129

where x̂ , xa, and  x are the retrieved, a priori, and the “true” state vectors respectively.  For TES130

trace gas retrievals, these are expressed as the natural logarithm of volume mixing ratio (VMR).131

The vector n represents the noise on the spectral radiances.  The vector b represents the true state132

for those parameters that also affect the modeled radiance (e.g., concentrations of interfering133

gases, calibration, etc.).  ba holds the corresponding a priori values.. and the Jacobian,134

Kb = ∂L ∂b , describes the dependency of the forward model radiance, L, on the vector b.135

Further details on the TES forward model can be found in Clough et al. [2006].  The averaging136

kernel, A, describes the sensitivity of the retrieval to the true state:137

A =
∂x̂
∂x

= (KTSnK + Λ)−1KTSn
−1K = GK .     (2)138

K describes the sensitivity of the forward model radiances to the state vector (K = ∂L ∂x ). Sn is139

the noise covariance matrix, representing the noise in the measured radiances, and Λ is the140
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constraint matrix for the retrieval [Bowman et al., 2006; Kulawik et al., 2006a].G is the gain141

matrix, which maps from measurement (spectral radiance) space into retrieval space.142

For profile retrievals, the rows of A are functions with some finite width that gives a143

measure of the vertical resolution of the retrieval.  The sum of each row of A represents the144

fraction of information in the retrieval that comes from the measurement rather than the a priori145

[Rodgers, 2000] at the corresponding altitude, providing the retrieval is relatively linear.  The146

trace of the averaging kernel matrix gives the number of degrees of freedom for signal (DOFs)147

from the retrieval.  An example of the sum of the rows of the TES water vapor averaging kernels148

during WAVES_2006 is plotted in Figure 5e, with the corresponding vertical resolution plotted149

in Figure 5f.  The sensitivity of the TES retrieval may be affected by the signal to noise ratio150

(and therefore by the concentration of the trace gas of interest), by clouds and by the constraints151

used in the retrieval.152

The total error on the retrieved profile can be expressed as the sum of the smoothing error,153

the cross-state error, which accounts for errors due to other parameters in the joint retrieval (i.e.154

temperature and ozone), the measurement error (due to instrument random noise), and s the155

systematic errors.   An example of the estimated TES total error is plotted in Figure 5f. Full156

details of the TES retrieval error analysis can be found in Worden et al. (2004).157

There are a number of different ways to perform the comparisons between TES and in158

situ water vapor profiles, depending on the goal of the comparison.  A comparison method that159

accounts for the a priori bias and the sensitivity and vertical resolution of the satellite retrievals160

is to apply the TES averaging kernel, A, and a priori, xa. This method obtains an estimated161

profile xest
in situ that represents what TES would measure for the same air sampled by the in situ162

measurements.  A detailed outline of the procedure is provided in the TES Level 2 Data User’s163
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Guide [JPL 2006].  The TES standard procedure is to “map” the sonde data to the TES levels164

using a triangular convolution, but any preferred integration method could be used.  The TES165

averaging kernel and the a priori are then applied to the mapped in situ profile:166

xinsitu
est = xa + Axx (xinsitu

mapped − xa ) .    (3)167

Differences between xest
in situ and x̂ can then be presumed to be associated with the latter two168

terms in Equation (2):  the observational error on the retrieval or systematic errors resulting from169

parameters which were not well represented in the forward model (e.g. temperature, interfering170

gases, instrument calibration).  The observational error is provided in the TES Level 2 data171

products.  Note that differences between xest
in situ and x̂  go to zero in regions where the TES172

retrieval contains little information from the measurement (is dominated by the a priori).173

There are other ways in which comparisons are commonly performed. For context we174

comment on them briefly in relation to the method used above.  Occasionally comparisons are175

performed in which the retrieval sensitivity is ignored and the differences associated with176

retrieval systematic and random errors and those associated with the a priori are grouped177

together.  For this more simplistic brute force comparison method the sonde is smoothed178

according to the vertical resolution of the TES retrieval.  The averaging kernels are normalized in179

order that the vertical resolution of the TES retrieval is accounted for in the comparison, but that180

the retrieval sensitivity is not.  In reality, the vertical resolution and the sensitivity of the retrieval181

are connected, so this comparison should provide results similar to the previous method of182

applying the a priori and averaging kernel in regions where TES is sensitive. Another even more183

simplistic comparison method that is commonly performed is to ignore the sensitivity and the184

vertical resolution of the retrieval profile and just smooth both the high vertical resolution in situ185

data and the lower resolution TES retrieved state vector to some predefined standard altitude bins186
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(e.g. 2 km).  This smoothing can be done such that the total water column amount for both187

profiles is conserved.  The result will show absolute differences between in situ and satellite188

measurements on some standard grid.  However, these differences take no account of retrieval189

sensitivity or of the true vertical resolution of the retrieved parameter for the given conditions190

and thus provide no good way of distinguishing the reasons for the differences.  Comparisons on191

a standard grid might be performed in order to try and relate different observations to one192

another (e.g. retrievals from different sensors).  However, where possible more accurate193

comparison methods that utilize the sensitivity of both products, such as the intercomparison of194

remote sounding instruments method outlined by Rodgers and Connor [2003], should be used195

instead of a simple brute force comparison.196

197

3. Radiance Closure Studies198
199

None of the profile comparison methods described above allow insight into the extent to200

which differences between TES and the in situ measurements are affected by the fact that the201

instruments may not be looking at the same air mass, which can often be the largest component202

of the differences under inhomogeneous conditions.  Radiance closure studies are used to help203

separate the magnitude of the comparison difference due to sampling error (where the in situ204

observations are not measuring the same air mass as TES) from the component of the difference205

due to retrieval performance, such as measurement uncertainties, forward model errors, and206

uncertainties in the retrieved temperature and clouds.  All of these components must be evaluated207

in order to perform a comprehensive validation in which differences in the profiles comparisons208

can be investigated.209

Radiance closure studies are performed as follows and summarized in the Figure 2.210
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We start with observed radiances that are well calibrated with a high signal-to-noise ratio (SNR).211

A retrieval is performed that minimizes the variance between these observed radiances and212

forward model radiances, which start from an initial guess profile and are iterated to obtain a213

retrieved profile.  At this stage the retrieved profile is then compared with an alternative profile214

measurement (e.g. radiosonde) that is considered as truth.  In most validation studies, this is the215

point at which the comparison process stops.  As noted above, the issue with this is that it is216

difficult to distinguish whether any observed differences in the profiles are due to sampling217

errors or systematic errors in the retrievals.  To provide more insight, the forward model218

radiances are computed from both retrieved and sonde profiles and compared with the observed219

sensor radiances.  If the retrieval converged then the residuals between observations and forward220

model calculations using the retrieved profile should primarily consist of random instrument221

noise.  Information about the sampling error for the comparison can be obtained by comparing222

the residuals between the observed radiances and the forward model radiances generated from223

the comparison sonde profile.  If the residuals are greater than the estimated systematic errors,224

then the sonde is not sampling the same atmosphere being observed by the sensor.  Therefore,225

the magnitude of these residuals can be used to identify profile comparisons in which the226

sampling error contribution to the profile differences is small and the comparison constitutes a227

meaningful validation. In addition, since the same forward model is used to compute radiances228

from both the retrieved and sonde profiles, any systematic errors in the forward model will be229

mitigated by performing the differences of the differences between the observed – forward230

model calculations.231

232
4. TES Retrieval Comparisons with In situ Measurements233

234
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Presented are results from TES retrievals version V003, which are available from the235

NASA Langley Distributed Active Archive Center (DAAC).  The main differences between236

V002 and V003 that influence the TES water vapor retrievals are:  (i) improved TES temperature237

retrievals due to inclusion of the CO2 ν2 spectral region with improved CO2 forward model238

calculations [Shephard et al., 2007a]; (ii) the migration of TES initial guess and a priori from239

GEOS-4 to GEOS-5; (iii) a lowered minimum value for the a priori cloud optical depth in order240

to better handle clouds with lower optical depths; and (iv) the addition of more surface241

microwindows to help characterize the surface.242

243

4.1 Radiosondes244

Radiosondes are launched frequently over a large part of the Earth’s more populated245

regions and provide measurements that are often compared with satellite-retrieved water vapor246

profiles.  There are several commonly used radiosonde types [Miloshevich et al., 2006]: the247

highly accurate CFH (Cryogenic Frostpoint Hygrometer); the Sippican Mark IIa, used at 1/3 of248

the NWS (National Weather Service) sites, but not reliable at temperatures below -50ºC; the249

Modem GL98 used at French overseas sites; and the Vaisala sondes, the most widely deployed250

sondes in the US and at American overseas sites.  The Vaisala RS80-H is frequently used at251

NWS sites, while the Vaisala RS92, the most recent Vaisala radiosonde model, is currently used252

at ARM (Atmospheric Radiation Measurement) program sites.253

Radiosonde profiles are often considered “truth”, but inconsistency between254

measurements by different types of profilers, or even in profiles recorded by the same type of255

instrument, have been repeatedly noted [Cady-Pereira et al., 2007; Turner et al., 2003 and256

references therein].  Determining the source of these inconsistencies and developing methods to257
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remove them has been the focus of much research in recent years.  In order to provide some258

perspective on the issues encountered we will briefly discuss the Vaisala series.259

Comparisons of thousands of sonde total column precipitable water vapor (PWV)260

measurements with PWV retrievals from a MWR (Microwave Radiometer) showed that RS80261

profiles have a significant dry bias during both day and night [Turner et al., 2003].  In addition,262

the daytime RS90/92 radiosonde PWV is typically 3% to 8% higher than the nighttime factor263

when compared with the MWR [Miloshevich et al., 2006].  The daytime dry bias has been264

attributed to solar heating of the sensor. An empirical temperature and pressure dependent265

correction based on the CFH was developed for the set of RS92s examined in Vömel et al.266

[2007a], which when applied to the RS92 profiles greatly reduced the difference with respect to267

the CFH (~7% up to ~15km).  However, this empirical correction depends on latitudes, solar268

zenith angles, etc., limiting its applicability to other regions.  Cady-Pereira et al., [2007] have269

developed a simple semi-empirical correction to the radiosonde total column water vapor that is270

a function of the solar zenith angle and effectively removes the daytime dry bias in the total271

column PWV. They also show that for nighttime observations, combining the within batch and272

between batch variability can result in differences between radiosonde total column PWV273

measurements as large as 18%. Scaling the sonde profile by the MWR PWV value can help274

correct the total column PWV but does not resolve errors in the upper troposphere.275

Two other problems are particularly significant for researchers interested in the upper276

troposphere, where the environment is colder and drier. First, all water vapor profilers are subject277

to “time-lag” (TL) error due to the finite response time to changes in ambient humidity278

[Miloshevich et al., 2006].  Time-lag error changes the shape of the profile in the middle and279

upper troposphere and has the greatest impact where there are steep humidity gradients (e.g.,280
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above and below cirrus clouds, at the tropopause).  Miloshevich et al. [2004] developed a time-281

lag correction algorithm for the Vaisala radiosondes. Deficiencies in the Vaisala calibration282

models at lower temperatures have led to the development of “temperature-dependent” (TD)283

corrections, which can be as large as 32% at -80ºC for the RS80 [Miloshevich et al., 2006].  TD284

corrections are also available for the RS90 and RS92 sensors, but changes in calibration and285

design since the inception of these sensors demand that these corrections be applied with caution.286

For the AWEX-G campaign, Miloshevich et al. [2006] derived empirical calibration corrections287

for the Vaisala profilers with respect to the CFH measurements.  A similar procedure was carried288

out during the Ticosonde campaign [Vömel et al., 2007a] and the Water Vapor Validation289

Experiment – Satellite/Sondes (WAVES_2006). The reported measurement uncertainties of the290

CFH itself depend on altitude and are less than 4% in the tropical lower troposphere, 9% in the291

tropopause region, and 10% in the middle stratosphere (~28 km) [Vömel et al., 2007b].  Presently292

this is not a methodology that is practical for operational data collection, but it can provide293

accuracy estimates.294

Comparisons of CFH and Vaisala RS92 soundings show that, compared to the CFH, the295

RS92s have an average daytime systematic dry difference on the order of 9% at the surface that296

increases with altitude and can reach 50% near the tropopause (~15 km) [Vömel et al., 2007a].297

Nighttime comparisons of CFH and Vaisala RS92 show smaller dry bias than during the daytime298

[Miloshevich et al., 2006].  These comparisons in the lower troposphere have a bias typically of299

~1-5 % (with a maximum of 13% with relative humidity between 5-10%) and standard300

deviations of ~3-7% (with a maximum of 23% for relative humidity between 5-10%)301

[Miloshevich et al., 2006]. In the upper troposphere for relative humidity decreasing from 60% to302

5%, the typical dry bias and standard deviation increase to ~7-11% and ~14-51%, respectively.303
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In summary, radiosondes provide an estimate of the atmospheric water vapor profile.304

The quality of this estimate can be improved by carefully applying corrections.  Calibration305

corrections are very dependent on the “batch” of the instrument, but are certainly necessary for306

rigorous validation of satellite remote sensing algorithms, which are sensitive to the structure of307

the water vapor profile in the upper troposphere.308

309

4.2 Global Comparisons of TES Water Vapor Retrievals with Vaisala Radiosondes310

311

Results from TES water vapor retrieval comparisons with global distributed National312

Weather Service’s Centers for Environmental Prediction (NCEP) Vaisala RS90 and RS92313

radiosondes are presented in Figure 3.  The coincidence criteria for matches between radiosonde314

launches and TES overpasses is within 1 hour and 100 km. Only the more accurate nighttime315

radiosondes measurements are used in the comparison. We also screened the comparisons based316

on the TES quality flag and the TES water vapor sensitivity (sum of the rows of the averaging317

kernel >=0.70). A subset of comparisons where the TES cloud effective optical depths are less318

than or equal 0.1 is also provided in Figure 3. TES comparisons for the full ensemble of cases319

have a mean differences of <5% and a standard deviation of ~20% in the lower troposphere320

(below ~600 hPa) with the radiosonde being drier.  This TES moist  bias compared with the321

sonde observations increases to a maximum of ~15% in the upper troposphere between ~300-200322

hPa. The standard deviation in this region reaches ~40%. The TES comparison in Figure 3 with323

reduced cloud influence shows similar results to the set with clouds included. This is a324

reasonable result as points where TES has low sensitivity were removed from the statistics (i.e.325

regions below optically thick clouds).  The percent difference comparison values in Figure 3 are326
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plotted as a function of the level water vapor volume mixing ratio (VMR) values in Figure 4.327

Note that any points outside the 3-sigma standard deviation line plotted in Figure 4 were marked328

as outliers and not used in computing the standard deviation values in either Figure 3 or Figure 4.329

This scatter plot shows that in general the relative percent differences increase with decreasing330

water vapor VMR.  This is reflected in the larger errors in the upper troposphere of Figure 3331

where the water vapor values tend to be small.332

It is difficult to utilize these global TES/radiosonde comparison results to provide333

detailed validation of the TES retrievals as there is no real “truth” due to errors in the global334

uncorrected Vaisala RS90 and RS92 radiosondes. As stated in Section 4.1, nighttime radiosonde335

total column PWV measurements have combined within batch and between batch variability as336

large as 18%. Also, in the lower troposphere under conditions in which the relative humidity is337

greater than 10%, simultaneous comparisons of Vaisala RS92 with CFH measurements show338

nighttime bias and standard deviations of ~1-5% and ~3-7%, respectively. In the upper339

troposphere for relative humidity decreasing from 60% to 5%, the typical dry bias and standard340

deviation increase to ~7-11% and ~14-51%, respectively. In addition, there are inherent sampling341

errors by comparing point source observations with satellite observations that are often not342

observing the same air mass.  As pointed out in the introduction this is especially true for water343

vapor, which typically is variable over short time periods and distances in the atmosphere (e.g.344

see Figure 1).345

Given some of the similarities TES and AIRS share (nadir-viewing, infrared sensors,346

flying on polar orbiters just 15 minutes apart), it is common to compare the TES radiosonde347

comparison results with those from AIRS validation exercises.  AIRS and TES both provide348

water vapor profile retrievals; however, the objectives of the TES and AIRS missions are very349
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different. AIRS’ primary objective is to provide water vapor profiles or spectral radiances for350

assimilation into numerical weather prediction and GCM models. For this purpose there is a351

rationale for having the AIRS forward model and associated adjoint model consistent with352

radiosonde profiles [Strow et al., 2006]. TES is designed to improve our knowledge of353

atmospheric chemistry, and thus seeks to characterize the most likely atmospheric state within354

the TES FOV. This applies whether water vapor is a tracer of air mass, of chemical interest, or355

whether it is an interferent. The TES effort has been focused on in-depth radiative closure356

exercises carried out on case studies in which the forward model has not been specifically tuned357

with radiosonde profiles.  In normal operational mode TES points down in the nadir whereas358

AIRS provides more coverage by scanning, which provides many more opportunities for match-359

ups with radiosondes. These differences in coverage and purpose must be kept in mind when360

comparing the results of the validation exercises.361

Tobin et al. [2006] carried out an AIRS validation effort by reducing as much as possible362

the sources of differences between AIRS retrieved profiles and sonde profiles, using ARM best363

estimates of the atmospheric state during three long sets of approximately 90 AURA overpasses364

at the ARM SGP and TWP sites. ARM best estimates of the water vapor profiles were obtained365

using pairs of Vaisala RS-90 sondes launched around the AIRS overpass time; profiles were366

“microwave-scaled”, and temporally and spatially interpolated to the overpass time and location.367

Mean and RMS percent differences between the AIRS and sonde profiles were then computed368

following the convention for reporting AIRS statistics (e.g., Susskind et al., 2003), where the369

observed differences were weighted by the layer water vapor amounts, independently for each370

layer. This procedure reduces the effect of typically higher percentage errors at low water vapor371

amounts, which has greater impact in regions of larger water vapor variability such as in the372
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lower troposphere at SGP.  Tobin et al. [2006] reports that this water vapor weighting reduced373

mean bias from 20% to ~5% and the RMS differences from 55% to 20% in the lower374

troposphere at the ARM SGP site.375

Divakarla et al. [2006] took the approach of comparing a very large number (over 82000)376

of AIRS retrieved profiles from around the globe with unadjusted profiles measured by a variety377

of profiling instruments. The criterion for collocation was ±3 hours of time coincidence and less378

than 100 km between the center of the AIRS footprint and the sonde location. The sonde profiles379

were used as measured, without any of the spatial, temporal and total column adjustments380

applied by Tobin et al. [2006]. The reported AIRS global RMS values ranged from 20% to 45%;381

however, it is important to note that these value were also computed using the AIRS convention382

of weighting the differences by the water layer vapor amounts, which as previously stated leads383

to significantly lower computed mean and RMS values in sets that contain large water vapor384

variability [Tobin et al., 2006].385

The TES global validation described above included ~450 unadjusted sonde profiles.386

Since this is a global profile set no corrections were available that could be applied to the387

radiosonde profiles to improve their measurement accuracy.  Obtaining a larger number of388

adjusting the radiosonde profiles would provide more accurate comparisons.  Moreover, no389

weighting was applied to the TES-sonde differences. It is expected that applying a weighting to390

the differences would significantly decrease the TES reported statistics, like it does for AIRS.391

However, since TES central objective is to provide the most likely state of the atmosphere within392

the FOV of the TES measurement, we are interested in comparisons results under all conditions.393

Therefore, we do not wish to empirically tune the absorption coefficients in the forward model to394

provide better agreement with radiosondes or perform the statistics that tend to weight out the395
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potentially interesting low water vapor cases that have larger relative percent differences.  With396

these caveats, the mean TES/radiosonde global comparison differences ranging from 5% to 10%397

and corresponding standard deviations of 25% to 45% between 1000-400 hPa are comparable398

with AIRS [Tobin et al. 2006] reported unweighted mean of 20 % and RMS of 55% obtained at399

ARM SGP.400

Without additional information the conclusions that can be drawn about the performance401

of the TES water vapor retrieval from this type of general profile comparison of retrievals with402

radiosondes are limited as it difficult to analyze the potential causes for the comparison403

differences (e.g. measurement uncertainties, forward model error, retrieval errors, sampling404

errors, etc.). In order to carry out a detailed validation of the TES water vapor retrievals, which405

would obtain the most likely state of the water vapor field within the field-of-view of the TES406

observations, rather than a simple comparison, further steps have to be taken in order to407

characterize the systematic errors and ensure that the  TES/sonde sampling error is minimized in408

the comparisons.  The following section describes detailed comparisons where other coincident409

water vapor observations and radiance closure studies are used to select comparisons with sondes410

that better represent the true air mass being observed by TES.411

412
413

4.3 Detailed Comparisons of TES Water Vapor Retrievals with Sondes414

415

In order to investigate the TES retrievals further we focused on water vapor measurements416

made during the WAVES_2006 campaign.  During WAVES_2006 sondes were launched so that417

they were coincident and co-located with TES-Aura overpasses.  To ensure better coincidences418

during this intensive water vapor measurement period, TES performed special observations in419
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Transect viewing mode over the WAVES_2006 Beltsville, MD, USA site every other day.420

These Transects scans are spaced 12 km apart providing coverage that is much more dense than421

the routine TES Global Survey viewing mode.  During this experiment Vaisala RS92 humidity422

sensors and the CFH were flown on the same balloon.  This facilitated the comparison between423

the Vaisala RS92 and the CFH and the derivation of Miloshevich [2004, 2006] RS92 empirical424

correction.  During WAVES there were 21 TES nighttime overpasses that were within 60 km425

and 1.5 hrs of a CFH launch. Figure 5 show the comparison results for the 21 cases with TES426

V003.  The TES/RS92 comparisons are similar to the global NCEP comparisons in Figure 3.427

TES/CFH comparisons are better in the upper troposphere (~300 hPa to the tropopause) than the428

TES/RS92 comparisons, which is expected since the CFH provides more accurate observations429

in the upper troposphere.  However, the comparison differences between the TES water vapor430

retrievals and the sonde observations are generally large.  To investigate this further,431

comparisons were selected from WAVES_2006 for radiance closure studies.432

On August 12, 2006 there was a CFH launch at 06:01 UTC and a TES Transect overpass433

an hour and 18 minutes later at 7:19 UTC.  TES Run 4803, Sequence 0001, Scan 20 is selected434

as it was 0.45 km from this balloon launch site.  For comparison purposes we also selected the435

two adjacent TES scans (Scan 19 and Scan 21), which are 12 km to either side of Scan 20 along436

the transect.  This three selected scans are highlighted in Figure 5.  This time period was chosen437

because the time series of lidar profiles at the Beltsville, MD site, shown in Figure 6, indicates438

that the water vapor variability for this day is relatively stable.  For example, compare this plot439

with the lidar profile time series from July 27, 2006 (Figure 1).  These scenes were also selected440

because they are virtually cloud-free, which limits the impact of the clouds on the comparisons.441

The MODIS 1km cloud fraction in Figure 7 indicates that there are no clouds in Scans 19 and 20442
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and that there is less than 5% cloud cover in any of the 1km MODIS pixels for Scan 21.  The443

ground based lidar measurements (not shown) indicate that there were intermittent cirrus clouds444

between 10 and 13 km over the Beltsville site; at the time of the TES overpass (7:19 UTC) there445

were no lidar observations of clouds, but there were lidar measurements of cirrus clouds at ~6:50446

and 7:30 UTC with estimated cloud optical depths at 355 nm of less than 0.2.  Another metric447

that can be used to provide information on whether clouds are present in a TES scan is the inter-448

pixel surface brightness temperature variability of the 16 pixels that comprise a scan.  The449

reasoning follows that if a cloud is present in a TES pixel then its radiating properties will be450

much different than the surface and the 16 pixels will be inhomogeneous.  The standard451

deviation of the brightness temperatures in the atmospheric window at 1105 cm-1 for the 16452

pixels across the scans is very small (Scan 19 = 0.34 K, Scan 20 = 0.32 K, and Scan 21 = 0.53453

K), especially when you consider these scans are over land, which in general does not have a454

homogeneous background surface.  Also shown in Figure 7 is the flight path of the CFH used in455

the comparison, which was launched about an hour before the MODIS overpass and one hour456

and 18 minutes before the TES overpass.  This demonstrates that a sonde can drift significantly457

from the launch site during ascent making it challenging to compare balloon-borne in situ458

profiles with instantaneous satellite retrieval profiles, even if the sonde launch site and the459

overpass footprint are co-located.460

 Figure 8, Figure 9, and Figure 10 contain profile comparisons of the TES retrieved461

profile, the a priori (GMAO), and the RS92 with the CFH for Scan 20 and its two adjacent Scans462

19 and 21, respectively.  Since the goal of this study is to validate TES retrievals, the TES463

averaging kernels and a priori were applied to the sondes (see Equation (3)). The range in the464

magnitude of the peak profile differences between the CFH and the three TES scans, which are465



22

only 12 km apart, go from ~35% to 100% around the middle of the troposphere (~500 hPa).  A466

radiance closure analysis is performed for these three cases to provide more information on the467

differences.468

The Line-By-Line Radiative Transfer Model (LBLRTM) is the forward model used by469

TES [Clough et al., 2005, 2006].  LBLRTM was used to calculate radiances from the CFH, a470

priori (GMAO), RS92, and TES retrieval profiles.  All the radiances were converted to471

brightness temperatures.  Figure 11, Figure 12, and Figure 13 show the radiance closure study for472

Scans 20, 19 and 21, respectively.473

We will first discuss the radiance closure study for Scan 20 (Figure 11) since its footprint474

encompasses the launch site of the CFH.  The highlighted red areas are the spectral regions to475

focus on in all the Figure 11 - Figure 13 panels as they are the TES microwindows used in the476

retrievals.  The brightness temperature residuals corresponding to the profiles being compared in477

Figure 8 are shown in panels (a), (b), (c), and (d).  Since the MODIS cloud fraction, the TES478

inter-pixel variability, and the lidar profiles suggest that there were no detectable clouds during479

the time of the TES overpass, the radiance calculations for the sonde profiles in panels (a), (b),480

and (c) were computed assuming there were no clouds.  An important goal of these closure481

studies is to determine how well the sonde profiles sampled the true atmospheric state being482

observed by TES.  If the sonde sampled the true atmospheric state being observed by TES then483

the brightness temperature residuals (TES observations - forward model calculations) would be484

no larger than the radiance contribution from the combined systematic errors from the forward485

model, TES instrument errors, the sonde water vapor and temperature measurement errors, and486

the cloud retrieval errors (if present).  Negative (TES-Sonde) brightness temperature residuals in487

the water vapor lines greater than the systematic errors indicate that there is not enough water488
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vapor in the part of the profile corresponding to that spectral region.  Conversely, positive489

residuals indicate that there is too much water vapor at these levels.  Assuming that there are no490

clouds, the contribution to the brightness temperature residuals from the systematic errors due to491

uncertainties in the CFH measurements [Vömel et al., 2007b], the forwarded model error492

[Shephard et al., 2007b; Rothman et al., 2003; Gordon et al., 2007], and temperature retrieval493

errors (refer to Figure 5(a) and the more detailed analysis in Herman et al., [2007]) are of the494

order of half a degree each (see Figure 11(f)). The TES instrument measurement systematic error495

is determined from TES radiance validations [Shephard et al., 2007a] and shown in Figure 14 to496

be on the order of tenths of a degree Kelvin.  Note that it is difficult to compute a total systematic497

error value at this stage as the extent of the interdependence of the systematic errors is not498

known.  (i.e. the systematic errors can only be additive if they are independent).  However, even499

if all these errors were independent and additive then an estimate of the total systematic error500

would be on the order of ~1.0K (center of the water vapor lines).501

The negative residuals in Figure 11(a) are a little larger than the estimated total502

systematic errors, which indicates that the CFH is a little drier than the atmosphere being503

observed by TES.  The scatter plot in Figure 15 suggests that the larger brightness temperature504

residuals of ~2K correspond to the middle troposphere (~500 hPa), which are where the profile505

differences in Figure 8 are the largest compared with the CFH.  The positive residuals in Figure506

11(b) for the a priori (GMAO) profile are larger than the systematic errors, indicating that there507

is too much water vapor in the middle to upper troposphere levels of the profile.  The small508

residuals from the spectral regions with the signal coming from the lower part of the troposphere509

(greater than ~800 hPa) indicate that the a priori profile agrees well with the TES observations in510

this part of the atmosphere.  The negative residuals in Figure 11(c) for the RS92 are a little511
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smaller than the CFH, which shows that in this case the RS92 is a little closer to sampling the512

atmosphere being observed by TES.  The magnitude and sign of brightness temperature residuals513

in Figure 11 panels (a), (b), and (c) are greater than the estimated total systematic errors and are514

consistent with profile differences between the TES retrieved profile and the other sondes.  This515

suggests that the large profile comparison differences are likely due to the fact that the sondes are516

not sampling the same air mass as TES.  Figure 11(d) shows the residuals obtained by comparing517

the TES observations with the calculated radiances generated using the TES retrieved profile.518

This demonstrates that the TES retrieval was effective in minimizing the residuals.519

The TES retrieved effective cloud optical depths are reported spectrally [Kulawik et al.520

2006b; Eldering et al 2007] with an average value of 0.09 at a cloud top pressure of 369 hPa for521

Scan 20.  This high altitude, optically thin cloud is assumed to be cirrus.  This radiance closure522

study also provides valuable insight into the impact of clouds under these conditions.  Forward523

model calculations with the CFH atmospheric state and retrieved cloud optical depths (Figure524

11(e)) are compared with the calculations without clouds (Figure 11(a)).  The results show that525

these cirrus type clouds have a significant impact on the water vapor residuals near the surface526

and the retrieved surface temperature (retrieved surface temperature difference is 3K).  Since527

minimizing these residuals is the fundamental operation in the retrievals, it is important to reduce528

the retrieval uncertainty as much as possible under these conditions.  Presently the TES529

operational retrieval of effective optical depths have large uncertainties for effective optical530

depths less than a few tenths and greater than two [Kulawik et al., 2006b].  The radiance531

residuals from the TES reported uncertainties in the effective cloud optical depths are plotted in532

Figure 11(f).  Retrievals under these conditions are challenging and a number of refinements are533

being considered by the TES science team in order to reduce the uncertainty in the cloud534
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retrievals.  One possible approach would be to constrain the retrieval in such a way that the535

effective cloud optical depths represent the spectral signature of clouds, which will help536

distinguish retrieved clouds from other retrieved parameters (e.g. land surface emissivity).537

Another suggestion is to utilize more explicitly the TES inter-pixel variability in the retrieval538

process so that cloud-free cases can be more accurately identified, thus removing the impact of539

cloud uncertainty for these cases.540

Note that the forward model systematic errors are not likely the source of the radiance541

differences between the sonde and retrieval residual plots (i.e. Figure 11(e) - Figure 11(f))) as the542

same forward model is used in all the calculations, therefore, they all contain the same543

systematic forward model error which will be mitigated by performing the differences of the544

residual plots.545

The same radiance closure analysis was performed for the two scans adjacent to Scan 20.546

The results for Scan 19 and Scan 21 are shown in Figure 12 and Figure 13, respectively.  A good547

coincidence is defined in terms of the magnitude of the brightness temperature residuals between548

the observations and the forward model calculations using the sonde.  Comparing the magnitude549

of TES–sonde water vapor brightness temperature residuals in Figure 11, Figure 12, and Figure550

13 with their corresponding water vapor profiles results in Figure 8, Figure 9, and Figure 10551

show that the larger the brightness temperature residuals, the worse the spatial coincidence, and552

the greater the profile differences.  For example, Scan 20 has the smallest residuals (~1.5 K) and553

the best comparison profile comparison of in the middle troposphere with a peak difference of554

40%, whereas Scan 21 has the largest residual (~4K) and has a peak difference of  ~100% at 400555

mb.  This shows that even for coincidences that are within 12 km and one hour there can be large556
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differences in water vapor observations, and that the sampling differences between the sondes557

and the instantaneous TES profiles account for most of the profile comparison differences.558

559

5. Conclusions560

561

We first presented global comparisons of TES water vapor retrievals with nighttime NCEP562

Vaisala RS90 and RS92 radiosondes. The TES/radiosonde comparisons show a mean differences563

of <5% and a standard deviation of ~20% in the lower troposphere (below ~600 hPa) with the564

radiosonde being drier.  This sonde dry bias compared with the TES observations increases to a565

maximum of ~15% in the upper troposphere between ~300-200 hPa. The standard deviation in566

this region reaches ~40%. These global comparison results are comparable with the567

AIRS/radiosonde reported unweighted mean of 25% and RMS of ~55%. Global comparisons568

with in-situ water vapor measurements from radiosondes do help identify issues with satellite569

retrievals, but often the inherent sampling errors and radiosonde measurement accuracy limit the570

degree to which the sonde profiles alone can be used to validate TES water vapor retrievals.  We571

demonstrated that even under relatively benign conditions where there is a “very good”572

coincidence between TES and the sonde (e.g. 12 km and 1 hour) there can be large differences573

many due to the fact the sonde is not sampling the same air mass as TES.  Radiance closure574

studies and a suite of water vapor observations were used to help characterize the water vapor575

variability along the TES transect and help better understand the TES–sonde profile differences.576

Results from the closure studies indicate that the estimated systematic errors from the forward577

model, TES measurements, CFH observations, and the retrieved temperature profile and clouds578

are likely not large enough to account for larger sonde comparison differences between with the579
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TES observations generally being moist.  Therefore, either there are additional systematic errors580

that are not being accounted for in the estimates (e.g. cloud uncertainties, uncertainties in the581

sonde observations are larger than documented, etc.), or the differences are due to sampling582

errors. Forward model systematic errors (e.g. spectroscopic errors in the strong absorbing water583

vapor lines are larger than reported) are not likely the source of the radiance differences between584

the TES retrievals and the sondes as the same forward model is used to compute radiances from585

both the retrieved and sonde profiles; therefore, any systematic errors in the forward model will586

be mitigated by performing the differences of the differences between observed – forward model587

radiances from both profiles. The detailed comparison showed that the retrieval of cloud optical588

depths under these conditions must be done accurately as high clouds with optical depths of589

~10% can have a significant impact on the radiances used to retrieve the water vapor profile.590

In order to rigorously validate the TES water vapor retrievals, further detailed comparison591

studies are needed in which accurate coincident profile observations are identified from radiance592

closure studies and accompanied by a suite of other water vapor measurements that capture the593

water vapor variability and the clouds.  The next step in the TES water vapor “validation” will be594

to perform water vapor comparisons with the purely vertical, remotely sensed profiles from the595

ground-based Raman lidar during WAVES_2006 and the proposed air-borne Raman lidar596

measurements for WAVES_2007 [Whiteman et al., 2006].  In addition, any coincident and co-597

located retrievals from interferometer instruments will be used for validations.598

599
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List of Figure Captions724

Figure 1.  Time series of water vapor profiles measured by a ground-based NASA/GSFC SRL725
lidar at Beltsville, MD, during WAVES_2006 on July 27, 2006.  The lidar was co-located with726
the CFH launch site and the TES overpass time for this day was at 07:18 UTC.727

728
Figure 2.  Schematic of a radiance closure study.729

730
Figure 3. Global comparisons of TES V003 water vapor profiles with the Vaisala RS90 and731
RS92 radiosondes from NCEP.  The coincidence criteria are within 100 km and 1 hours of a TES732
overpass.  Only nighttime profiles are included.  The dark solid lines are the mean differences733
and the dotted lines are the 1-sigma standard deviation.  The thin grey lines are all the individual734
comparisons.  A similar plot is also included on the right hand side  containing a subset of the735
comparisons where the TES effective cloud optical depth is less than or equal to 0.1.736

737
Figure 4.  Scatter plot of the percent differences shown in Figure 3 as a function of level volume738
mixing ratio.739

740
Figure 5. TES V003 comparison with sondes during WAVES_2006.  The comparison consists of741
21 nighttime match-ups that have a coincidence criteria of 60 km and 1.5 hours.  The top four742
sets of plots compare the TES retrievals with the sondes.  Plots (a) is the RS92 temperature743
comparison, which is included for the purpose of determining its impact on the water vapor744
retrievals.  Plots (b), (c), and (d) are the water vapor comparions with the RS92, the RS92 with745
an empirical correction applied based on the CFH, and the CFH, respectively. TES run 4803,746
sequence 1, scans 19, 20, and 21 that are presented in the radiance closure study are highlighted747
in blue (dash-dot), red (short dash), and cyan (long dash), respectively.  Plot (e) shows the748
median value of the diagonal of the averaging kernels and the sum of the rows of the averaging749
kernels of all 21 cases.  The total degrees-of-freedom for signal (DOFS) is also labeled on Plot750
(e).  Plot (f) shows the median value of the estimated TES Total Error generated from the square751
roots of the diagonal elements in the output total error covariance matrix, which includes752
systematic errors, measurement errors, and retrieval smoothing errors.  Plot (f) also contains the753
vertical resolution of the TES water vapor retrieval plotted as a function of pressure, which is754
computed from the full-width-at-half-maximum of the rows of the averaging kernels.755

756
Figure 6.  Time series of water vapor profiles measured by a ground-based NASA/GSFC SRL757
lidar at the WAVES site on August 12, 2006.  The CFH launch site was co-located with the lidar758
and was launched at 06:01 UTC.  The TES overpass was at 07:19 UTC.759

760
Figure 7.  The plot on the left is the MODIS 1km cloud fraction on August 12, 2006 at 07:00761
UTC over the WAVES_2006 Beltsville, MD site (marked by the red cross).  Overplotted on the762
cloud mask are the TES footprints from Scans 19, 20, and 21.  The plot on the right contain the763
TES surface brightness temperatures at 1105 cm-1 from the 16 (0.5 x 5km) pixels within the TES764
three scans.  Also overplotted on the plot is the flight path of the sonde with selected altitudes765
indicated by red crosses.766

767
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Figure 8.  This is a CFH comparison plot on August 12, 2006 that corresponds to TES Scan 20.768
The CFH launch was launched 12.5 km away and an hour and 17 minutes before this TES scan.769
The left plot shows the observed CFH profile (black), the a priori profile (GMAO) (blue), the770
TES retrieved profile (salmon), and the CFH (red) and RS92 (green) profiles with the TES a771
priori and averaging kernels applied(AK).  The right plot is the relative percent differences772
(Profile-CFH/CFH)x100 of the different profiles with respect to the CFH with the TES a priori773
and averaging kernel applied (dotted line at zero).774

775
Figure 9.  Same as Figure 8 but for TES Scan 19.776

777
Figure 10.  Same as Figure 8 but for TES Scan 21.778

779
Figure 11.  Radiance closure study for the WAVES_2006 comparison on August 12, 2006 of780
sondes with for TES Scan 20.  The red in all the panels indicates the microwindows where the781
TES retrieval was performed.  The top panel is a plot of the observed TES spectrum.  The782
subsequent panels are residual plots of: (a) TES – LBLRTM calculated spectrum using the CFH783
specified atmosphere with no clouds, (b) TES  – LBLRTM calculated spectrum using the TES a784
priori (GMAO) specified atmosphere with no clouds, (c) TES  – LBLRTM calculated spectrum785
using the RS92 specified atmosphere with no clouds, (d) TES  – LBLRTM calculated spectrum786
using the TES retrieved atmosphere including cloud optical depths (e) TES  – LBLRTM787
calculated spectrum using the CFH atmosphere including TES retrieved cloud optical depths.788
The bottom panel (f) shows contributions in the TES microwindows from estimates of789
systematic errors in the retrieved cloud optical depths, uncertainties in the CFH observations790
(plotted with a –1K offset), forward model water vapor calculations (plotted with a –2K offset),791
and retrieved temperature profile (plotted with a –3K offset).792

793
Figure 12.  This figure shows the radiance closure study for the WAVES_2006 comparison on794
August 12, 2006 for TES Scan 19 using the same plotting convention as Figure 11.795

796
Figure 13. This figure shows the radiance closure study for the WAVES_2006 comparison on797
August 12, 2006 for TES Scan 21 using the same plotting convention as Figure 11.798

799
Figure 14.  Plotted is a brightness temperature residual (TES-SHIS) comparison of TES with800
SHIS for TES 2A1(H2O) filter.  The red on the plots indicate the microwindow regions TES uses801
for its retrievals.802

803
Figure 15.  Scatter plot of TES-LBLRTM residuals versus the observed TES brightness804
temperatures for TES Scan 20.  The LBLRTM calculations were computed using the CFH805
profile.   The pressure axis is only an approximate as it was generated assuming the observed806
brightness temperature represents closely the region in the CFH profile with the same807
temperature.808

809
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Figures814

815

Figure 1.  Time series of water vapor profiles measured by a ground-based NASA/GSFC816
SRL lidar at Beltsville, MD, during WAVES_2006 on July 27, 2006.  The lidar was co-817
located with the CFH launch site and the TES overpass time for this day was at 07:18 UTC.818
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Figure 2.  Schematic of a radiance closure study.828
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830
831

832

833

Figure 3. Global comparisons of TES V003 water vapor profiles with the Vaisala RS90 and834
RS92 radiosondes from NCEP.  The coincidence criteria are within 100 km and 1 hours of835
a TES overpass.  Only nighttime profiles are included.  The dark solid lines are the mean836
differences and the dotted lines are the 1-sigma standard deviation.  The thin grey lines are837
all the individual comparisons.  A similar plot is also included on the right hand side838
containing a subset of the comparisons where the TES effective cloud optical depth is less839
than or equal to 0.1.840
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841

Figure 4.  Scatter plot of the percent differences shown in Figure 3 as a function of level842
volume mixing ratio.  The solid line is the mean difference.  The 1-sigma and 3-sigma843
standard deviation lines are plotted with a dashed and dotted line, respectively.844
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845

846

Figure 5. TES V003 comparison with sondes during WAVES_2006.  The comparison847
consists of 21 nighttime match-ups that have a coincidence criteria of 60 km and 1.5 hours.848
The top four sets of plots compare the TES retrievals with the sondes.  Plots (a) is the RS92849
temperature comparison, which is included for the purpose of determining its impact on850
the water vapor retrievals.  Plots (b), (c), and (d) are the water vapor comparions with the851
RS92, the RS92 with an empirical correction applied based on the CFH, and the CFH,852
respectively. TES run 4803, sequence 1, scans 19, 20, and 21 that are presented in the853
radiance closure study are highlighted in blue (dash-dot), red (short dash), and cyan (long854
dash), respectively.  Plot (e) shows the median value of the diagonal of the averaging855
kernels and the sum of the rows of the averaging kernels of all 21 cases.  The total degrees-856
of-freedom for signal (DOFS) is also labeled on Plot (e).  Plot (f) shows the median value of857
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the estimated TES Total Error generated from the square roots of the diagonal elements in858
the output total error covariance matrix, which includes systematic errors, measurement859
errors, and retrieval smoothing errors.  Plot (f) also contains the vertical resolution of the860
TES water vapor retrieval plotted as a function of pressure, which is computed from the861
full-width-at-half-maximum of the rows of the averaging kernels.862

863

864

865

866

867

Figure 6.  Time series of water vapor profiles measured by a ground-based NASA/GSFC868
SRL lidar at the WAVES site on August 12, 2006.  The CFH launch site was co-located869
with the lidar and was launched at 06:01 UTC.  The TES overpass was at 07:19 UTC.870

871



42

872

Figure 7.  The plot on the left is the MODIS 1km cloud fraction on August 12, 2006 at 07:00873
UTC over the WAVES_2006 Beltsville, MD site (marked by the red cross).  Overplotted on874
the cloud mask are the TES footprints from Scans 19, 20, and 21.  The plot on the right875
contain the TES surface brightness temperatures at 1105 cm-1 from the 16 (0.5 x 5km)876
pixels within the TES three scans.  Also overplotted on the plot is the flight path of the877
sonde with selected altitudes indicated by red crosses.878
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887

Figure 8.  This is a CFH comparison plot on August 12, 2006 that corresponds to TES Scan888
20.  The CFH launch was launched 12.5 km away and an hour and 17 minutes before this889
TES scan.  The left plot shows the observed CFH profile (black), the a priori profile890
(GMAO) (blue), the TES retrieved profile (salmon), and the CFH (red) and RS92 (green)891
profiles with the TES a priori and averaging kernels applied(AK).  The right plot is the892
relative percent differences (Profile-CFH/CFH)x100 of the different profiles with respect to893
the CFH with the TES a priori and averaging kernel applied (dotted line at zero).894
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Figure 9.  Same as Figure 8 but for TES Scan 19.897
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904

Figure 10.  Same as Figure 8 but for TES Scan 21.905
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906

Figure 11.  Radiance closure study for the WAVES_2006 comparison on August 12, 2006 of907
sondes with for TES Scan 20.  The red in all the panels indicates the microwindows where908
the TES retrieval was performed.  The top panel is a plot of the observed TES spectrum.909
The subsequent panels are residual plots of: (a) TES – LBLRTM calculated spectrum using910
the CFH specified atmosphere with no clouds, (b) TES  – LBLRTM calculated spectrum911
using the TES a priori (GMAO) specified atmosphere with no clouds, (c) TES  – LBLRTM912
calculated spectrum using the RS92 specified atmosphere with no clouds, (d) TES  –913
LBLRTM calculated spectrum using the TES retrieved atmosphere including cloud optical914
depths (e) TES  – LBLRTM calculated spectrum using the CFH atmosphere including TES915
retrieved cloud optical depths.  The bottom panel (f) shows contributions in the TES916
microwindows from estimates of systematic errors in the retrieved cloud optical depths,917
uncertainties in the CFH observations (plotted with a –1K offset), forward model water918
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vapor calculations (plotted with a –2K offset), and retrieved temperature profile (plotted919
with a –3K offset).920

921

922

Figure 12.  This figure shows the radiance closure study for the WAVES_2006 comparison923
on August 12, 2006 for TES Scan 19 using the same plotting convention as Figure 11.924

925
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926

Figure 13. This figure shows the radiance closure study for the WAVES_2006 comparison927
on August 12, 2006 for TES Scan 21 using the same plotting convention as Figure 11.928
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935

936

Figure 14.  Plotted is a brightness temperature residual (TES-SHIS) comparison of TES937
with SHIS for TES 2A1(H2O) filter.  The red on the plots indicate the microwindow regions938
TES uses for its retrievals.939

940
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941

Figure 15.  Scatter plot of TES-LBLRTM residuals versus the observed TES brightness942
temperatures for TES Scan 20.  The LBLRTM calculations were computed using the CFH943
profile.   The pressure axis is only an approximate as it was generated assuming the944
observed brightness temperature represents closely the region in the CFH profile with the945
same temperature.946
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